Abstract. The corrosion behavior of a multi-layer modified aluminum brazing sheet (AA4045/3003Mod./AA7072/AA4045) was investigated. The results shows that, the existence of BDP, which forms at the interface between clad and core layer during brazing, changes the corrosion form of the air side of the material from inter-granular corrosion to local exfoliation corrosion. The addition of anti-corrosion layer makes the corrosion form of the water side from inter-granular corrosion into uniform exfoliation corrosion. Compared to the normal triple-layer brazing sheet at the same thickness, the time to perforation of the modified four-layer brazing sheet is increased by more than 200%.
Introduction
alloys. Initially, Scott et al. [2] and Isobe et al. [3] considered that noble Si needles acted as active cathodes thus make the surrounding aluminum dissolved. While a subsequent study [4, 5] shown that Si particles do not have a detrimental effect on the corrosion behavior of the brazing sheets. And it is coincident with the study of Tohma et al. [6, 7] that the oxygen reduction current density on silicon is too low to anodically polarize aluminum. The study of Tierce et al. [8] considered that the micro-battery effect between Į-Al(Fe,Mn)Si phase, which generates during the brazing process [9] , and the Al matrix are responsible for the corrosion in acidic or neutral solutions. In order to protect the core material, a type of modified AA3xxx aluminum alloy, which a certain amount of Cu is added, is widely used in place of the normal AA3xxx. And a investigation of the modified AA3xxx aluminum brazed sheet shown that the diffusion of Cu element to the re-solidified clad material during brazing will reduce the cathodic protection towards the core material [10] . Besides, a band of dense precipitates (BDP) [11, 12] is formed in the interface between the clad and core materials, as a consequence of the diffusion of Si and Cu elements during brazing. And it is said that the existence of BDP will affect the corrosion behavior of the brazed material [13] , however, there is no definitive mechanism about the effect above.
However, the studies above are mainly focused on the triple-layer brazed aluminum alloys. The study on the four-layer brazing sheet which an anti-corrosion layer was added is rare. With respect to the 7xxx series aluminum alloy, exfoliation corrosion is the typical form in the acidic solutions. Therefore, it is an effective way to increase the corrosion life by the means of adding a 7072 layer between the clad and core materials. This study aims to investigate the corrosion behavior of a self-developed four-layer modified Aluminum brazing sheet, and to be the theories storage for the new material development.
Experiment
Materials. A4 size sheet (600ȝm thick) was cut from a rolled modified AA3xxx (3003 Mod.) aluminum alloy clad on one side with an AA4045 (60ȝm thickness) and another side with an AA7072 (180ȝm thickness) and AA4045(60ȝm thickness). The bulk chemical analysis of the clad, core and the anti-corrosion layer material is presented in Table 1 .In order to distinguish easily during the test, two names are given to the each side of the material, namely, the air side (AA4045) and water side (AA4045+AA7072). All sheets used in these experiments before brazing were O temper.
The sheet was properly cleaned in ultrasonic bath with ethanol, dried and placed in a controlled atmosphere brazing (CAB) furnace. CAB is brazing in a dry, inert nitrogen gas atmosphere. Brazing cycle that was applied is shown in Fig.1 . The material is heated up to 605
and is kept at that temperature for 3min. Then it is cooled down with a specified ramp (30 /min) in the furnace.
And samples will be taken out and cooled in the air when the temperature is down to 390 . The holding temperature was selected to be close to the liquidus temperature of the clad material, reported as 612 by
Lacaze et al. [14] ,while still being far below the solidus temperature of the core material which is about 640 .
Table1 Chemical composition (wt%) of the core, anti-corrosion layer and clad material Fig.2(a) .
After brazing, as it is shown in Fig.2(b) , Al-Si eutectic phase is accumulated at the surface of the residual clad and in between is the pre-eutectic aluminum grains. And a 30~40ȝm width diffusion zone is formed during the interaction between the liquid clad and the solid core material, which is called BDP (the band of dense precipitates), as it is shown in Fig.2(c) . EDS map analysis for the major elements of the material under investigation both before and after brazing are shown in Fig.3 and 4 , respectively.
Comparison of the element maps in Fig.4 and Fgi.5
shows that it is the diffusion of Si and Mn elements during the brazing process that lead to the formation of BDP. Table 2 shows that the two types of particles are manly Al(Fe,Mn)Si phases. The images managed by Image-Pro Plus shows the distribution of the precipitates in different areas away from the interface of modified the clad(AA4045) and core(AA3003+Cu) materials are shown in Fig.6 . And the statistical results are listed in Table 3 . As can be seen in table 3, the number density of areas that 30~50ȝm away from the interface is much higher than areas that were not affected by element diffusion during brazing progress, which is good agreement with the BDP position identified in Fig.2(c) . The corrosion morphologies of a normal triple-layer brazed material at the corrosion period of 7 days is shown in Fig.9 . In contrast to the normal triple-layer brazed material at the same thickness, the time to perforation of the modified four-layer brazing sheet is increased by more than 200%.
Discussion
The varies corrosion forms of the material during the SWAAT test is the result of the mcriostructure evolution duiring the brazing process. According to the Al-Si binary phase diagram, duiring the barzing process, the primary Į(Al) precipitates at the interface of liquid clad and solid core materials prior to the Al-Si eutectic, then Al-Si eutectic accumulates at the surface and in between the primary Į(Al) grains at a lower temperature (Fig.2c) .
Besides, the Į-Al(Fe,Mn)Si phases, which are transformed from ȕ-AlFeSi due to the diffusion of Mn element during brazing, is in favor of accumulating at boundaries of the Į(Al) and Al-Si eutectic. As it is shown in Fig.1(b) , the 30~40ȝm width areas with a darker contrast is the so-called BDP, which is the consequence of the diffusion of Si and elements during brazing [8] .
The major phases of BDP has been reported as Al 6 (Fe,Mn) and Į-Al(Fe,Mn)Si phases [11] ( Fig.5 and Table 2 ).
The eutectic (Al) of residual brazing layer has a high sensitivity of pitting in solutions containing Chloride.
During the sea water acid accelerated test, the corrosion form of the air side changed from pitting to the form of inter-granular corrosion (IGC) due to the accumulation of the Į-Al(Fe,Mn)Si phases, as shown in Fig.7(a) . When corrosion spread to the band of dense precipitates (BDP), as a consequence of the lower corrosion potential of the dense precipitates (Al 6 (Mn,Fe) and Į-Al(Fe,Mn)Si phases [17] ), the corrosion form is replaced by the partly exfoliation. Therefore, the existence of BDP is beneficial to the prolonging of material's perforation time. The corrosion behavior changed to typical pitting and IGC, while it comes to the core (Fig.5c) .
As with the air side, the corrosion of the residual clad began in the typical form of pitting and IGC. When it comes to the 7072 layer, the corrosion form becomes the typical uniform exfoliation. It was found that the 7072 layer that acted as an active cathode to protect not only the core but also the residual clad from corrosion will greatly improves the corrosion life of the material.
Finally, the material was failure in the form of IGC and local pitting when corrosion propagated to the core. 
